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I.

INTRODUCTION

The enzyme L-serine:tetrahydrofolate 5,10-hydroxymethyltransferase
(EC 2.1.2.1), is also referred to as "serine hydroxymethylase" (1),
"serine aldolase"(2),

or "serine hydroxymethyltransferase"; however, the

name observed most frequently in the literature is "serine transhydroxymethylase".

This enzyme catalyzes the interconversion of serine and

glycine (Figure 1), and contains pyridoxal 5'-phosphate.
is also required for the interconversion (1,3,4 ).

Tetrahydrofolate

The enzyme has been found

in mammalian, avian, and plant tissues as well as in microorganisms(S).
The cleavage of serine mediated by serine transhydroxymethylase
represents the principle source of one carbon unit in most animal cells
and in many microorganisms.

This reaction is the first step in the bio-

genesis of the methyl group of methionine(6), and also serves as a link
between the amino acid one-carbon pool and nucleic acid biosynthesis.
Serine transhydroxymethylase has been isolated from several mammalian
sources(7-12) .

The homogeneous enzyme has been isolated and characterized

from rabbit liver (9) and rat liver (10,12) and sheep liver (13).
Serine transhydroxymethylase activity has previously been investigated in brain.

In mouse brain the enzyme has been found to decline

during the early postnatal development stage(14).

The activity of the

enzyme has also been detected in the central nervous system of the rat(l5 ).
The partial purification and characterization of the bovine brain enzyme
has long been an objective of this laboratory(16).
The coenzymes for the enzyme, pyridoxal S'-phosphate, and folic
1

2

HH
t

B-c-c-coo
I

' '+
ONll.3

+

H

Tetrabydrofolate

L-Serine

Pyddo:i:cal
Phosphate ·

+
Glycine

10 -Methylene Tetrahyd.rofolate

N

Fig. 1.--(Reaction 1) The Interconversion of Serine and Glycine.
This reaction is catalyzed by serine transhydroxymethylase.
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acid, have been reported to be involved in the process of normal brain
maturation, in transmitter metabolism, and in brain electrical activity(17-19).
Since one-carbon metabolism plays a major role in cell replication
and represents a target in the design of chemotherapeutic agents it is of
interest and importance to determine the properties of folate-dependent
enzymes.

A comparative investigation of liver and brain serine trans-

hydroxymethylase should permit a better interpretation of the extensive
literature on one-carbon metabolism and assist in the interpretation of
this literature at the enzyme level.
This dissertation describes the purification and a comparative
investigation of the properties of the enzyme, serine transhydroxymethylase obtained from both bovine brain and liver.

II .

LITERATURE REVIEW

The conversion of serine to glycine was first demonstrated by
Shemin in 1946(20).

Using the intact rat, isotopically-labelled serine

was converted to glycine with little dilution of radioactivity.

The con-

version of glycine to serine was suggested by the experimental results
obtained when isotopically-labelled glycine was provided to growing cultures of Torulopsis(21), to rats in vivo(22,23) or to rat liver homogenates (24) •
In the conversion of glycine to serine, labelling experiments
showed that one-carbon compounds or metabolically labile one-carbon
moieties could serve as the precursor of the B-carbon of serine(22,25-29).
Sakami(23) demonstrated that glycine could break down to a one-carbon compound and act as the source of the B-carbon of serine.

Evidence that

formaldehyde could also serve as a precursor of the B-carbon of serine
was provided by Siekevitz and Greenberg(3U).
Formate was found not to be the immediate precursor of the
8-carbon of rat liver homogenate(25,31) and formaldehyde was assigned
this role.

Mitoma and Greenberg(32) showed that the rat liver homogenates

could incorporate formate into the $-carbon of serine when ATP, a-keto
glutarate, citrate and a reducing agent were added .

These added cofactors

were not required for the incorporation of formaldehyde.

The possibility

of the formate being an immediate precursor of the 8-carbon of serine was
ruled out by the demonstration of Elwyn et al(33), in the conversion of
the 8-carbon of serine to the methyl groups of choline and thymine, both
4

5

a-hydrogen atoms were retained.

In well-dialyzed or Dowex-1-treated liver

extracts, serine was formed readily from glycine and formaldehyde in the
presence of tetrahydrofolate, whereas complex mixtures of additional cofactors were required for serine formation from glycine when formate or other
compounds were used as the precursors of the a-carbon of serine (l,34-38).
Felic acid was soon shown to be implicated in the interconversion of
serine and glycine.

Holland and Meinke (39) found that the growth of Strepta-

coccus faecalis was not diminished when folate replaced serine in the growth
media.

Elwyn and Sprinson(40) demonstrated that the rate of conversion of

serine to glycine in folate deficient rats was only one-sixth the rate of that
of normal rats and the rate of incorporation of radioactive formaldehyde into
glycine( 41) was decreased to one-tenth of the normal rate. This was also true
for the tissue preparations from folate-deficient animals which demonstrated
a capacity to convert glycine to serine(42 ,43) or serine to glycine(44).

Fur-

thermore, Blakley (35) showed that folic acid must be reduced to tetrahydrofola te prior to its participation in serine biosynthesis.

Kisliuk and

Sakami(36) found that when ATP, NAD+, and a yeast extract were added to welldialyzed extracts of liver homogenates, folic acid would stimulate serine
biosynthesis.

However, Blakley(34) observed that the maximum rate of serine

biosynthesis could be reached in the presence of tetrahydrofolic acid
without the addition of these cofactors.

Inwell-dialyze~ unfractionated

liver extracts, folic acid and certain derivatives besides tetrahydrofolic
acid (i.e.,N 5-formyltetrahydrofolate or N10 -formyltetrahydrofolate) stimulated serine biosynthesis (34 ,35).

Using crude enzyme preparations Blak-

ley(35) showed that in the presence of NAD+ and ATP folic acid and its
derivatives were transformed into tetrahydrofolic acid before catalyzing
serine biosynthesis.

6

The requirement of serine transhydroxymethylase for t e tra hydro folate is quite specific.

For example, the rabbit liver enzyme was able

to utilize tetrahydrofolyldiglutamic acid (45) but not dihydrofolic acid
or N10 -formyltetrahydrofolate.

The enzyme from Clostridium sticklandii

was more active with the naturally-occurring polyglutamates than with
tetrahydrofolate(46).
Evidence for the existence of a formaldehyde-tetrahydrofolate
complex was first demonstrated nonenzymatically by Kisliuk(47).

This

complex which formed rapidly between formaldehyde and folic acid could
function as a precursor of the S-carbon atom of serine.

It was subse-

quently shown that the NS - and N10 -positions of tetrahydrofolate were
involved in the binding of formaldehyde.

Blakley (.48) demonstrated by

spectral studies that the compound formed nonenzymatically from tetrahydrofolate and formaldehyde was the same as the compound formedfromthe
interconversion of serine and glycine in the presence of the enzyme.
Finally, Osborn et al(3) showed that the formaldehyde-tetrahydrofolate
complex was NS-, N10 -methylenetetrahydrofolic acid.
In addition to the absolute requirement for tetrahydrofolate,
serine transhydroxymethylase also requires pyridoxal phosphate.

Deodhar

and Sakami(49) reported that liver extracts from pyridoxine-deficient
chickens showed reduced ability to incorporate formate into serine. The
direct participation of pyridoxal phosphate in serine biosynthesis was
demonstrated by Blakley( 50) who utilized a partially purified enzyme from
rabbit liver.

Deoxypyridoxine phosphate and pyridoxine phosphate par-

tially inhibited the enzymatic reaction; however, pyridoxal phosphate
reactivated the enzyme.

The involvement of pyridoxal 5'-phosphateinthe

interconversion of serine and glycine was also demonstrated with several

7

other mammals enzyme preparations(2).

Serine transhydroxyrnethylase from

avian(49), bacteria1(46,5l) and plant(45) sources was found stimulated by
pyridoxal 5'-phosphate.

As isolated, however, most of these enzymes con-

tained a sufficient amount of bound pyridoxal phosphate so that only a
partial requirement could be observed.

The 95% pure serine transhydroxy-

methylase obtained by Schirch and Mason(B,9l

from rabbit liver contained

6 moles of pyridoxal phosphate per mole of enzyme.

This enzyme could be

stimulated about 35% by the addition of pyridoxal phosphate.

Fujioka

has also isolated the rabbit liver enzyme and has demonstrated the existence of mitochondria and cytoplasmic isozymes.

His data indicated that

each isozyme contained 4 moles of pyridoxal phosphate per mole of the
respective enzymes.
On the basis of the participation of tetrahydrofolate the overall
interconversion of glycine and serine can be described by Reaction II.

Glycine+ HCHO

-

L-Serine

(II)

Blakley(35) suggested that the coenzyme tetrahydrofolic acid combined with formaldehyde to form N5 , N10 -methylene tetrahydrofolate (Reaction III) and the one-carbon unit was subsequently transferred to glycine
(Reaction IV) •

HCHO

+

(-) ,L-tetrahydrofolate

----

(+),L-N 5 ,NlO_methylene
tetrahydrofolate

Glycine+ H2o + (+),L-N5,Nl0-methylenetetrahydrofolate
L-serine + (-) ,L-tetrahydrofolate

(III)

(IV)

8

Subsequent studies(35) confinned the stoichiometry of these reactions and showed that the serine transhydroxymethylase was stereospecific
for one isomer of methylenetetrahydrofolate.
The equilibrium constant for the overall reaction (Reaction II)
has been reported to be 2.8 x 10 3 (52) and 3.1 x 10 3 (48).

Equilibrium con-

stant values of 2.1 x 10 4 at a pH of 7.2(53) and 1.3 x 10 4 at a pH of
4.3(3) have been determined for the nonenzymatic association of formaldehyde and tetrahydrofolate (Reaction III).

However, the value for the

reverse enzymatic reaction was calculated to be 0.1(53).
Several investigators have demonstrated that serine transhydroxymethylase can cleavage L-threonine and allothreonine to glycine and
acetaldehyde respectively (Reactions v and VI) (38, 54-:-57).

L-Threonine

glycine+ acetaldehyde

Allothreonine

glycine+ acetaldehyde

(VI)

The enzymes were previously named threonine aldolase and allothreonine
aldolase(55).

There has been some confusion as to the number of enzymes

involved in the catalysis of these three reactions (Reactions II, V, and
VI).

Karasek and Greenberg(55) suggested that in rabbit liver, different

enzymes catalyzed the three reactions.

In rat liver, Malkin and Green-

l:>erg(38) suggested that the same enzyme catalyzed the cleavage of L-threonine and allothreonine.

However, Riaro-Sforza and Marinello(57) reported

that in rat liver separate enzymes catalyzed Reactions (V) and (VI) which
was confirmed recently with homogeneous rat liver enzyme (12.).

Using the

highly purified enzyme from rabbit liver Schirch and Gross(58) presented

9

evidence that the catalytic activities of serine transhydroxymethylase,
L-threonine aldolase and allothreonine aldolase resided in a single
enzyme.

The work of Akhtar and El-Obeid~9) also confirmed that serine

transhydroxymethylase and threonine aldolase activities from the rabbit
liver were the properties of the same or very similar enzymes.
The microbial serine transhydroxymethylase isolated from
Clostridium cylindrosporum has been reported to have an absolute specificity for serine(SQ).

Threonine aldolase obtained from Clostridiurn

pasteurianurn has a higher affinity for allothreonine than threonine(61)
and will utilize serine only in the presence of tetrahydrofolate.

In

Clostridiurn kluyveri, Jungermann et al(-62) demonstrated the presence of
two separate, constitutive enzymes~-threonine aldolase and serine transhydroxymethylase.

The two activities in Bacillus subtilis(63), serine

transhydroxymethylase and threonine aldolase, can be separated from each
other by using gel filtration.

However, crystalline threonine aldolase

isolated from Candida hurnicala, can use L-threonine, allothreonine, and
L-serine as substrates; tetrahydrofolate was found to inhibit the enzymatic interconversion of L-serine and glycine(64).
Nakano et al(l~ reported the presence of isozymes of serine
transhydroxymethylase in the following mammalian species: ox; mouse;
pig; and rabbit. Homogeneous preparations of isoenzymes have been obtained from rabbit liver, which demonstrated similar pH optima, stabilities, electrophoretic mobilities, but differed in immunological
activity(ll).

Partially purified isozymes from the soluble and mito-

chondrial fractions of rat liver exhibited differences in pH optima,
stability, affinity for DEAE cellulose, and electrophoretic mobility{l6).
The highly purified rabbit liver serine transhydro~ylasehas

10
also been reported to catalyze transfer reactions involving other amino
acids:

S-phenylserine(65); a-methylserine(9); amino malonic acid(l2) ;and

D-alanine(66).

S-phenylserine

a-methylserine +
tetrahydrofolate

Amino malonate

D-alanine +
Pyridoxal phosphate
+
Serine transhydroxymethylase
(holo enzyme)

Glycine + benzaldehyde
D-alanine + N5 ,N 10 -methylene
tetrahydrofolate

Glycine+ CO

2

(VII)

(VIII)

(IX)

Pyruvate + pyridoxamine phosphate

+
Serine transhydroxymethylase
(apo enzyme)

(X)

While tetrahydrofolate was not required for Reactions (V), (VI),
(VII), (IX), and (X);

does exist.

an absolute dependence upon pyridoxal 5'-phosphate

The occurrence and properties of serine transhydroxymethylase

obtained from various sources have been reviewed in several recent
papers (,5,67-71).
Certain comparative properties of serine transhydroxymethylase are
listed in Table 1.

Any mechanism proposed for the reactions catalyzed by

serine transhydroxymethylase requires that a function be assigned to both
pyridoxal phosphate and tetrahydrofolate.

By analogy with other pyridoxal

dependent reactions it has been suggested that the first major step in the
conversion of glycine to serine involves the formation of a Schiff base
intermediate.

Metzler, Ikawa, and Sne11(72) proposed a mechanism for the

TABLE 1
SOURCES AND PROPERTIES OF SOME SERINE TRANSHYDROXYMETHYLASES(70)

Source

Purification
(fold)

Specific
Activity
(µmole/min/mg)

pH

Optimum

Molecular
Weight

L-Serine
(mM)

C.cylindrosporum

13

5.7

6.8-7.4

n.d.a

E. Coli

49

0.47

7.3-7.7

170,000

0.086
0.66-0.69

Km

Glycine
(mM)

19

FH4

Ref.

(mM)

0.037

60

n.d.

0.061-0.071

73

Rat Liver
Supernatant
Mitochondria

600
800

4.3

5.5

8.0
7.0-7.4

n.d.
n.d.

0.54
0.54

1.2
1.8

0.0072
0.010

10
10

Rat Liver
Supernatantb

1,375

5.0

7.5-8.0

n.d.

0.45

n.d.

n.d.

12

Rabbit Liverc

320

11. 7

6.6-7.3

330,000

1.0

Rabbit Liver
Supernatant
Mitochondria

1.4
+
(FH4)

180
240

10.0
15.5

7.3
7.3

185,000
170,000

1.3
1.0

n.d.
n.d.

0.017
+
(glycine)
n.d.
n.d.

74

11
11

aNot determined (n.d.).
boetermined as amino malonate decarboxylase activity.
Coetermined as allothreonine aldolase activity.

I-'
I-'
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-·
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H
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•
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3
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H

H

0

+

.. II
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Fig. 2.--The Proposed Reaction Mechanism for the Nonenzymati.c ·
Cleavage of S-hydroxy Amino Acids by Pyridoxal Phosphate (72).
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cleavage of serine and threonine nonenzymatically as outlined in Figure
2.

The Schiff bases formed by pyridoxal phosphate and amino acids are

stabilized by chelating a multivalent cation(75), the chelate ring maintaining planarity of the conjugate ring system.

In addition, it has been

suggested that the chelated metal ion acts by providing an additional
electron-attracting group that operates in the same direction as the ni trogen atom of the pyridyl ring, thus increasing the electron displacement
from the a-carbon atom of the amino acid.

The proposed mechanism ascribes

no essential role to the a-hydrogen atom on serine.

The scheme was con-

firmed by Longenecker et a1(76) by heating a-methylserine or hydroxymethyl
serine with pyridoxal phosphate and alum; the products isolated were
formaldehyde and alanine for a-methylserine and formaldehyde and serine
for hydroxymethylserine.

The ability of this system to cleave substrates

lacking a-hydrogen atoms was interpreted to confirm the proposed
mechanism which does not involve a shift of the position of the hydrogen atom in serine.
Blakley (50), using a partially purified enzyme from rabbit liver,
observed that the enzymic synthesis of serine was not stimulated by any
of the cations tested. Ethylene diaminetetraacetate also caused no inhibition. Somewhat similar results have been obtained with a transaminase enzyme
which showed no cation requirement for activity(77).

Alternatively, it

was suggested by Blakley that the binding of pyridoxal phosphate and the
amino acid to the enzyme surface was sufficient to maintain planarity of
the system, and that interaction of the carboxyl group, phenolic, hydroxyl,
amino nitrogen atom and pyridyl nitrogen respectively with groups on the
enzyme surface is even more favorable than chelation of a cation to the
requisite electromeric displacement of electrons. The view that chelation
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of a metal ion is essential to enzymic reactions involving pyridoxal
phosphate is perhaps optional.
A possible mechanism for the enzymatic reaction catalyzed by
serine transhydroxyrnethylase which involves the pyridoxal phosphate coenzyme has been suggested by Jordan and Akhtar(78) as outlined in Figure 3.
The first event in the conversion of glycine to serine or to
threonine, or the tritium exchange reaction requires the formation of a
Schiff base intermediate which had previously been suggested by several
authors(79-83) and is illustrated in Reaction (I), Figure 3.
There were several lines of evidence which supported the involvement of the carbanion (IV) in this enzymatic reaction.

Wilson and

Snell(84) showed that a-methylserihe hydroxymethyltransferase could interconvert D-alanine and

2-methylserine (a-methylserine).

In this reac-

tion the entering group occupied the position from which the proton had
been released:

H.;,.
'

CH
3
~COOH

1

NH

,

(XI)

2

Similarly, during the cleavage of hydroxyrnethylserine to D-serine
and formaldehyde the hydroxyrnethyl group (-CH 0H) removed was identified
2

as the same one which was added when the reaction was run in the synthetic
direction.

Schirch and Jei1kins(66) reported that serine transhydroxy-

methylase catalyzed an exchange of the a-proton of D-alanine or glycine
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with solvent protons, (Scheme I, Figure 3).

They synthesized the stere0-

specific, t .i trated glycines and used them to study the absolute stereochemistry of the process of hydrogen elimination in the conversion of
glycine to serine.

Jordan and Akhtar(78,85-87) indicated that the step

after the Schiff base formation involved the removal of the 2 S-hydrogen
atom

of glycine to give a carbanion intermediate and the 2 R-hydrogen

atom of glycine is retained.

The carbanion was then utilized in the sub-

sequent formation of L-serine (Scheme II) or L-threonine (Scheme III) of
Figure 3.
Schirch and Jenkins (66') reported that the tritium exchange of the
a-proton of glycine with solvent protons was accelerated by the presence
of tetrahydrofolate.

The spectroscopic studies of Schirch and Ropp(88)

indicate that glycine binds about four times more favorably to enzymetetrahydrofolate complex than to the enzyme alone.

Akhtar and Jordan(78)

concluded that the main site of activation by tetrahydrofolate is at the
deprotonation step (Reaction II, Scheme III).

N5 ,N 1 °-methylenetetrahydro-

folate was suggested to be the carrier of formaldehyde, from which formaldehyde may be liberated at the active site of the enzyme, thus allowing
the overall reaction to take place. However, Chen and Schirch (89) recently
observed that serine transhydroxymethylase can catalyze the synthesis of
L-serine from glycine and formaldehyde in the absence of tetrahydrofolate.
A mechanism was also proposed by Chen and Schirch(65) which attempted to
explain the substrate specificity of the enzyme and the role of the tetrahydroraiate. They suggested that the primary role of tetrahydrofolate is not
to accelerate the formation of the carbanion (Compound IV, Figure 3), but
rather to catalyze the addition and removal of formaldehyde which is bound
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as an imine at the active site of the enzyme through the formation of
N5 ,N 10 -methylenetetrahydrofolate as outlined in Figure 4.
The spectral studies by Schirch, Mason and Jenkins(9;66) also
showed that the enzyme from rabbit liver can form enzyme-substrate complexes with several compounds including glycine, D-alanine, a-meth:0-serine,
serine, etc.

The detail of these studies are described in an article

authored by Blakley(S).

III.

MATERIALS AND EXPERIMENTAL METHODS
Materials

Animal Tissues
Bovine brains and bovine livers were obtained from a local slaughter house.

The tissues were frozen within 30 minutes after the anima ls

had been sacrificed and stored in the frozen state.
Chemicals
Chemicals used in this study were obtained from the following
sources: CM-SephadexC-50 and Sephadex G-200 from Pharmacia Fine Chemicals,
Inc.; L-serine, DL-allothreonine and glycine,L-threonine from Nutritional
Biochemicals Corp., Cleveland, Ohio;

3- 14 c DL-serine,

PPO(2,5-diphenyl-

oxazole}, POPOP(p-bis 2-(5-phenyloxazolyl} -benzene}, and Omnifluor from
New England Nuclear, Corp., Boston, Massachusetts; pyridoxal 5'-phosphate,
alcoholic dehydrogenase, bovine serum albumin, NADH, S,5-Dimethyl-1,3cyclohexanedione(Dimedon}, and ethylenediamine tetraacetic acid (disodium
salt} from Sigma Chemical Company, St. Louis, Missouri; Bio-Gel P-2 from
Bio-Rad Laboratories, Richmond, California; folic acid and dithiothreitol
(Cleland's Reagent} from CalBiochem, San Diego, California; Triton X-100
from Beckman Instruments, Inc.; Acrylamide, N,N'-Methylene-bis-acrylamide
(Bis), N,N,N',N'-Tetramethylethyl enediamine(Temed) from Canal Industrial
Corporation, Rockville, Maryland; Phenol Reagent 2N Solution (FolinCiocalteau} from Fischer Scientific Company, New Jersey.

Protein Calibra-

tion Kit, Size II, from Bohringer-Mannheim, West Germany; and Ampholine
19
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carriers amphblytes from LKB-Produkter, Ab, Sweden.
Preparation of Tetrahydrofolate
Tetrahydrofolate was prepared by reducing folic acid according to
the method of O'Dell et al (90) , as modified by Ha tefi et al.

One gram of

folic acid was placed in a pressure bottle with 0.5 gram of platinum oxide
and 75 ml of glacial acetic acid.

The bottle was then placed in a Parr

Pressure Reaction Apparatus connected to \ a hydrogen tank.

The bottle was

flushed 4 to 6 times with hydrogen using the vacuum pump to remove the gas.
The solution of folic acid and platinum oxide was shaken in the Parr Pressure Reaction Apparatus under 35 pounds of hydrogen pressure for 3 hours.
After hydrogenation the solution was filtered through a funnel under vacuum into a round-bottom flask, suspended in liquid nitrogen.

The flask

was swirled in the liquid nitrogen until the clear filtered solution was
frozen.

After freezing, the solution was lyophilized. The resulting white

powder was either vacuum-sealed in 10 ml ampoules or dissolved in 1-2 ml
of 0.5 M potassium phosphate (pH 7.4).

The solution was then diluted by

0.04 M mercaptoethanol solution or 0.04 M dithiothreitol to 4.5 mg per ml
(0.008 M), and the pH was adjusted to 7.4.

The solution was then stored

at -20° C in the dark in several sealed tubes which were wrapped in aluminum foil.

The tetrahydrofolate stored by this method was stable from 3 to

4 months.

Frequently

thawing and refreezing will cut the storage life

down to 2 to 3 weeks.
Preparation of CM-Sephadex c-50 Columns
The Sephadex C-50 was slowly suspended in 0.5 M potassium phosphate
buffers (pH 7.4) with continuous stirring.

The Sephadex was allowed to
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swell at 4° C overnight.

The slurry wa s then washed several times with

0.05 M potassium phosphate buffers (pH 7.4) containing 1 mM EDTA, 0.2 mM
dithiothreitol and 1 x 10- 2 mM pyridoxal 5'-phosphate and decantated to
remove the fines.

A glass column of 3.8 x 44 cm was prepared by placing

absorbent cotton at the bottom and layering 1 to 2 cm of hydrated Bio-Gel
P-2, on top of the cotton.

A suspension of the sephadex was carefully

added to the column and the excess buffer was allowed to drain until the
beads had settled into the column to a desired height.

The column was

then washed with 1 to 2 1 of the 0.05 M buffer described above.
Preparation of Sephadex G-200 Columns
The Sephadex G-200 was slowly added to a large excess of water
with continuous stirring.

The beaker containing the Sephadex was placed

in a 60 - 80° C water bath for 5 hours.

The beaker was removed and

allowed to stand for 1 hour at room temperature.
and fines were decantated by suction.

The supernatant

After repeated washing with water

several times, 0.05 M potassium phosphate buffer (pH 7.4) was added at
4 or 5 times the volume of the gel. The Sephadex gel was stirred, allowed
to settle, and the fines and supernatant were removed by suction, follooed
by 3 to 4 washings with the same buffer.

The Sephadex slurry was mixed

with excess buffer and brought to boil under vacuum to eliminate trapped
air.

It was then cooled and carefully poured down a glass rod into the

reservoir and column.

The slurry was allowed to settle for several hours,

by gravity flow at a pressure of about 15 cm.

After the slurry had

reached the proper height in the column, the excess slurry was removed,
and the upper flow adaptor was brought into contact with the top surface
of the gel bed.

The column was then equilibrated with the standard
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buffer (0.05 M phosphate, pH 7.4) at a pressure head of 10 to 12 cm.
Preparation of Calcium Phosphate Gel
Calcium phosphate gel was prepared according to the method of
Keilin and Hartee(91).

Equal volumes of 150 ml each of a calcium chloride

solution (88.6 g cac1 2 • 2 H20 per liter) and a trisodium phosphate solution (152 g Na 3Po4 • 12 H2o per liter) were added dropwise with constant
stirring, to 160 ml of distilled water.

The mixture was brought to pH 7. 4

with 1.0 N acetic acid and the precipitate washed 5 times by decantation
with large volumes of water (6 liters).

The precipitate was then centri-

fuged and suspended in 0.05 M potassium phosphate (pH 7.4) to give a concentration of 50 mg of calcium phosphate gel dry weight per ml of buffer
and stored at 0-5° c.
Preparation of Hydroxylapatite Columns
The hydroxylapatite was prepared by using the method of Siegelman
The hydroxylapatite was made by mixing 1 liter of 1 M solutions of cac1 2 and K HPo , each at l ml/min., to a large beaker with
4
2

vigorous stirring.

The preparation was held for 7 days in the mother

liquor, then washed 5 times with distilled water by decantation to remove
fines and salts and finally stored at about 2° C in water.

It was pre-

pared for use by packing the hydroxylapatite in the column (2.5 x 11 cm)
by using a peristaltic pump.

The column was then washed with 0.01 M pot-

assium phosphate buffer (pH 7. 4) containing l mM EDTA, O. 2 mM dithiothrei tal
and 2 x 10- 2 mM pyridoxal 5'-phosphate until the pH of the solution was
the same as the original buffer.
cation of the enzyme.

The column was then ready for the appli-

Experimental Methods
Protein Determination
Protein concentration was determined by the Biuret reaction ac- .
cording to the method of Gornall et a1(93)

in order to obtain an approx-

imate concentration of the crude and ammonium sulfate fractionation.
Folin-Ciocalteau method according to Lowry et al (94)
sensitivity was needed.
standard.

The

was used when higher

Crystalline bovine serum albumin was used as a

Protein in column fractions was estimated from the absorbance

at 280 and 260 rran, measured in a Beckman DU-spectrophotometer and calculated according to the method of Kalckar(95).
Determination of pH
All pH determinations were made with a Sargent-Welch Model NX
single electrode pH meter except the pH of isoelectric focusing,which was
measured by Corning Digital 112 Research pH meter.
Spectral Analysis
Absorption spectra were obtained with a Varian Techtron UV-VIS
Spectrophotometer Model 635.

A Beckman Model DU Spectrophotometer was

used for all other UV and visible work.

Kinetic studies were done with a

Cary Model 15 Recording Spectrophotometer equipped with Materline 2095
circulation temperature control bath.
Radioactivity
The radioactivity of the various samples was determined by adding
them to the scintillation cocktail described by Bray ( 96) or to a cocktail
23
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consisting of 2 parts toluene, 1 part Triton X-100 and 0.4% Ornnifluor.
Couting was performed in a Packard Tri-Carb Liquid Scintillation Spectrophotometer Model 3320.
Polyacrylamide Gel Electrophoresis
Polyacrylamide gel electrophoresis of the proteins was carried
out as described by David (97).

Gels were prepared at 7% acrylamide and run

in an electrode buffer composed of 1. 2 g of Tris plus 5. 8 g of glycine per
2 1 (pH 8.3).

The protein samples containing 2 drops of glycerol and 1

drop of Bromphenol blue as a tracking dye were layered directly over the
stacking gel instead of employing a sample gel.

Freshly prepared gels

were used in most cases. The dimensions of the running and stacking gels
were 6 x 75 and 6 x 10 mm, respectively. The volume of the sample applied
to each gel was 0.05-0.2 ml. The protein used depended on the homogeneity
of the preparation and usually varied from between 20 to 100 µg.
duration of the electrophoretic run varied between 2 and 3 hours.

The
A cur-

rent of 2 to 2.5 milliamperespergel was applied while the gels were
maintained at 4°

c.

The gels were either stained by Coomasie brilliant

blue, as described by Weber and Osborn (~8) or by Amide Schwartz at room
temperature.

The staining time varied from 2 to 14 hours. The gels were

then destained electrophoretically inCanalco quick gel destainer (15
minutes for Amido Schwartz and 1~ hours for Coomasie blue) using a destaining solution which contained 75 ml of acetic acid, 50 ml of methanol,
and 875 ml of water.

The length of the gels after destaining and the

positions of the protein bands were recorded.
7.5% acetic acid solution.

The gels were stored in
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Electrophoresis on Cellulose Acetate
This method was performed as described by the Gelman Instrument
Company for Rapid Electrophoresis (99).

The proteins were applied to the

cellulose acetate strip (Sepraphore III) and run in a Tris-Borate buffer
(pH 8.8), with a current of 1

mA

per strip, for 45 minutes.

Bovine serum

albumin, chicken serum albumin (pI 4.6), Cytochrome c (pI 10.6) were used
as the standard.

The proteins were stained in Ponceau S for 5 minutes

and washed 3 to 5 times with 5% acetic acid, and then dehydrated in
methanol.
Isoelectric Focusing
Isoelectric focusing was performed in a 110 ml LKB electrofocusing column using 2.5% ampholyte, pH 7 to 10.
varied from 5.5 to 25 mg and was contained in 5 ml.

The amount of enzymes
The enzyme was

applied to the column with the light gradient solution.

Electrofocusing

with the anode at the top was carried out at 4° C for 24 hours with a
constant applied voltage of 300 volts.
the run was 8 mA.

The current at the beginning of

The column was eluted at 50 ml per hour and fractions

of 1.2 to 1.3 ml were collected and assayed for enzyme activity.

Protein

was determined by the absorbance at 280 nm, and the pH of each fraction
was determined with a Corning Digital Research pH meter, Model 112, with
a Micro Glass Electrode.
Immunological Studies
Antiserum to bovine liver serine transhydroxymethylase was obtained from a rabbit by modifying the methods of Moriyama and Srere(lOO)
and Williams and Chase(lOl).

One ml of a highly purified liver serine
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transhydroxymethylase at a concentration of 10 mg/ml in 0.05 M potassium
phosphate buffer (pH 7.4) was emulsified with an equal volume of complete
Freund's adjuvant.

The emulsified sample was injected intramuscularly

into the back of the rabbit.

Rabbit serum was tested for antibody to

liver serine transhydroxyrnethylase after 24 days by the neutralization
reaction and double diffusion method.
puncture.

Blood was collected by cardiac

Double diffusion studies were carried out at room tempe rature

for 48 hours in the agar plate.

Antiserum of the liver enzyme (0.25 ml

to 0.30 ml) was placed in the center well, and each sample to be tested
was applied in an outer well.

The interaction of the enzymes and anti-

serum was observed after 48 hours.

The neutralization capacity of the

antiserum was determined by the purified antiserum.

The purified gamma

(y) globulin was obtained by ammonium sulfate fractionation according to
the method of Kabat and Mayer(l02).
the same method.

Normal rabbit serum was purified by

The protein concentration in the antiserum y-globulin

and normal serum y-globulin were determined by the Biuret method and
adjusted to 20 mg/ml.
Molecular Weight Determination
The molecular weight of serine transhydroxymethylases were determined according to the method recommended by Pharmacia Fine Chemicals,
Inc., using Sephadex G-200 column (103.).

The molecular weight was calcu-

lated from the standard curve constructed from the elution volume of
proteins of known molecular weight.
Assay for Serine Transhydroxymethylase
Serine transhydroxymethylase activity was assayed by the
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modification of the assay by Taylor and Weissbach(l04) as follows.
following were added to a 12 ml conical centrifuge tube:

The

0.1 ml of 0.3 M

potassium phosphate buffer, pH 7.4 (30 µmoles); 0.05 ml of 0.002 M pyridoxal 5'-phosphate (0.1 µmole); 0.1 ml of 0.008 M (4.5 mg per ml) tetrahydrofolate in 0.04 M mercaptoethanol (0.8 µmole FH4 ); and, 0.1 ml of
enzyme.

The mixture was incubated at 37° C for 5 minutes and 0.1 ml of

0.002 M 3- 14 c-D,L-serine (0.2 µmole) 3 x 10° cpm per micromole was added
and the reaction was allowed to proceed for 15 minutes at 37° c.

The

reaction was stopped by adding 0.3 ml of 0.4 M dimedon (5,5-dimethyl-1,3cyclohexanedione) in 50% ethanol and boiling for 5 minutes in a water
bath.

After the tubes were cooled in an ice bath for 5 minutes/ 5 ml of

toluene were added and the formaldehyde dimedon derivative was extracted
into the toluene layer by vigorous shaking for 2 minutes.

The tubes were

then centrifuged in an International, Model CL, centrifuge for 2 minutes.
From the upper toluene layer was taken 3 ml of toluene which were transferred to a scintillation vial.

After 10 ml of scintillation fluid

were added, the vials were counted in the liquid scintillation spectrophotometer.

A blank tube, including everything except the enzyme, was

also run and the counts from this tube were subtracted from the counts
of the sample and control.
The control count of radioactive serine was determined by placing
0.1 ml of 0.002 M 3- 14c-D,L-serine (0.2 µmole) in a scintillation vial
containing 13 ml of the liquid scintillation fluid.
in the same way as the sample.

The vial was counted

The number of counts observed was divided

in half to obtain the number of counts for the L-form as this represents
the only active form.

The value was then multiplied by the value of 0.6
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to compensate for using 3 ml of toluene solution from the total of 5 ml.
One unit of the enzyme activity was defined as the amount of
enzyme causing the formation of 1 micromole of formaldehyde per hour
under these conditions.

The specific activity was expressed as units pP.r

mg of protein.
Assay for DL-Allothreonine and L-Threonine Aldolase
The allothreonine aldolase and threonine aldolase from the liver
and brain were measured by the method described by Palekar et a1(12),
which is a modification of that of Malkin and Greenberg(38).

The deter-

mination of the activity was based on the fact that the enzymes cleave
threonine or allothreonine to glycine and acetaldehyde.

The acetaldehyde

formed was reduced by NADH to ethanol by the enzyme alcohol dehydrogenase.
To a silica cuvette of 1.0 cm light path these components were added in

a final volume of 1 ml: 0.5 ml of 0.2 M potassium phosphate buffer, pH
7.3 (100 µmoles); 0.1 ml of 0.1 M DL-allothreonine (10 µmoles), or
0.1 ml of 0.4 ML-threonine (40 µmoles), 0.05 ml of 0.0002 M pyridoxal
5 1 -phosphate (10 nrnoles), 0.1 ml 0.01 M dithiothreitol (1 µmole), 0.05 ml
of 0.003 M NADH (150 nmoles), yeast alcohol dehydrogenase (35 to 40 units).
The phosphate buffer was preheated to 37° and the assay solution was kept
at 37° in a water-jacketed cuvette compartment of a Cary Model 15 Spectrophotometer by water circulated at 39° C.
adding the enzyme.

The reaction was initiated by

The decrease in absorbance at 340 nm was recorded.

The reaction was initially linear and the slope of the portion of the time
course of the reaction was used to determine the rate at which acetaldehyde
was undergoing

reduction.
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One unit of enzyme activity is defined as the amount of enzyme
that catalyzes the formation of 1 µmole of acetaldehyde per hour under
these conditions; the specific activity expressed as units per mg of
protein.
Purification of Serine Transhydroxymethylases
Serine Transhydroxymethylase from Bovine Brain
The purification of serine transhydroxymethylase from bovine
brain was a modification of the methods described by Schirch(58) and
Nakano et al (10 ).

The frozen brain used as a source of the enzymatic

can be kept for about 1 to 2 weeks without any significant loss in activity.

If kept longer than 3 weeks enzymatic activity began to de-

crease.

All operations were carried out at o

indicated.

0

to 5° C unless otherwise

Centrifugations were made in a Beckman Model L3-40 Ultra-

centrifuge and a Sorvall Refrigerated Centrifuge, Model RC2-B.
Step !.--Preparation of Crude Extract.

Two to three thousand grams of

frozen brain were thawed for 10 to 15 minutes at room temperature.

It

was then chopped into small pieces and homogenized for 2 minutes in a
large-capacity Waring Blender with an equal volume of 0.05 M potassium
phosphate buffer (pH 7.4) at the maximum speed.
trifuged at 48,200 x g for 30 minutes.
carefully decantated.

The homogenate was cen-

The supernatant fluid was then

The precipitate was discarded.

Step 2.--Protamine Sulfate Fractionation.

The protein concentration of

the crude extract was then diluted to 10 mg per ml with 0.05 M phosphate
buffer (pH 7.4).

A 1% suspension of protamine sulfate in 0.05 M potas-

sium phosphate buffer, which had been adjusted to pH 7.4, was added
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dropwise with stirring and 6 ml of protamine sulfate was added for each
100 ml of the crude extract.

After the suspension was stirred for 10

minutes, the mixture was centrifuged for 15 minutes at 27,300 x g.
Step 3.--First Ammonium Sulfate Fractionation.

Sufficient solid · a.mmon-

ium sulfate was added to the supernatant portion obtained from the protamine sulfate step to produce a 33% saturated solution.

The suspension

was stirred for 10 minutes and centrifuged 15 minutes at 27,300 x g.

The

precipitate was discarded and the supernatant fraction was brought to 55%
ammonium sulfate saturation by adding solid ammonium sulfate and then
stirred for 10 roc>re minutes.
trifuged.

The precipitated protein was again cen-

The supernatant fluid was discarded, and the ammonium sulfate

paste was frozen and stored at -20°

c.

Step 4.--Second Ammonium Sulfate Fractionation.

When 3 or 4 of the above

ammonium sulfate preparations had been accumulated, they were resuspended
in 300 ml of 0.05 M potassium phosphate containing 1 mM EDTA, 0.2 mM
dithiothreitol and 10- 2 mM pyridoxal 5'-phosphate and dialyzed against a
100 fold excess of the same buffer for 6 hours.

All of the buffers used

in the subsequent steps of purification contained 1 mM EDTA, 0.2 mM
dithiothreitol and 10- 2 mM pyridoxal 5'-phosphate unless otherwise indicated.

After dialysis the protein concentration was adjusted to 10 mg

per ml and solid ammonium sulfate was added to the solution until the
degree of saturation reached 35%.

The solution was stirred for lOminutes

and the protein precipitate was removed by centrifugation for 15 minutes
at 48,200 x g.

Solid ammonium sulfate was added to the supernatant por-

tion to bring the solution to 45% saturation.

The precipitate was
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collected by centrifugation as previously described.

The armnonium sul-

fate pastes were either stored at -20° C or used for the next step.

The

ammonium sulfate paste was suspended in 100 ml of 0.05 M potassium phosphate buffer and dialyzed against 10 1 of the same buffer for 6 hours.
Step 5.--CM-Sephadex Chromatography.

The enzyme solution was then care-

fully layered on the top of a CM-Sephadex column (3.8 x 30 cm) which had
been equilibrated with the above buffer.

After the protein had passed

into the Sephadex bed, the column was washed with 0.05 M potassium phosphate buffer (pH 7.4) until the protein concentration of the eluent had
dropped below 0.1 mg per ml .

The light yellow band remaining at the top

of the column was then eluted with a linear gradient of 0.05 Mand 0.5
potassium phosphate buffer (pH 7.4) .
chamber contained 500 ml of buffer.

M

Both the reservoir and the mixing
Fractions of 12 ml were collected.

The fractions exhibiting high enzyme activity were pooled.

The pooled

enzyme solution was brought to 60% ammonium sulfate saturation by adding
solid ammonium sulfate.

The precipitate which formed after 10 minutes

additional stirring was collected by centrifugation at 48,200 x g for
15 minutes.
Step 6.--Calcium Phosphate Gel Fractionation.

The ammonium sulfate pre-

cipitates from the CM-Sephadex fractionation were suspended and dialyzed
in 1,000-fold excess of the 0.05 M potassium phosphate buffer (pH 7.4).
The dialyzed enzyme was then centrifuged at 12,000 x g for 5 minutes to
remove insoluble proteins.

The enzyme solution was diluted to 1 mg per

ml and 12 mg of calcium phosphate gel was added for each mg of protein.

The slurry was stirred for 20 minutes and centrifuged at 27,000 x g for
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5 minutes.

The precipitated gel was disc arded.

Solid ammonium sulfate

was added to the supernatant portion to bring it up to 60% saturation
and then the solution was stirred for an additional 1.5 minutes and the
precipitated protein was collected by centrifugation at 48,200 x g for
twenty minutes.
Step 7.--Sephadex G-200 Chromatography.

The ammonium sulfate pastes from

the calcium phosphate gel fractionation were suspended in 3 ml of 0.05

M

potassium phosphate (pH 7.4) and dialyzed against 2 changes of 500 ml of
buffer for 4 hours.

The protein was allowed to flow into the bottom of

the column by using a three-way valve (LV-3 No. 90016, Pharmacia Fine
Chemicals).
buffer.
hour.

The column had been preyiously equilibrated with the above

Fractions of 3.4 ml were collected at a flow rate of 20 ml per
Those fractions with specific activity higher than 8 units/mg were

pooled and concentrated as follows: the pooled enzyme solution was transferred to dialysis tubing and covered with powdered sugar which had previously been cooled in the cold room.

The sugar paste which formed on

the outside of the dialysis tubing was removed quite frequently with a
spatula or sometimes washed out by distilled water.

After about 2 hours

the volume of the solution was reduced about one half of the original
volume.

The enzyme in the dialysis tubing was dialyzed against 1,000-fold

of the buffer to eliminate the sucrose in the solution.

The enzyme was

then frozen and kept at -20° C in the freezer.
Serine Transhydroxymethylase from Bovine Liver
The procedure used to purify serine transhydroxymethylase from
bovine liver was also modified from previously described methods(l0,57).
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The purification scheme was rather similar to that employed for the bovine brain enzyme in order to make the comparative study more meaningful.
The activity of the enzyme in the frozen liver was more stable while
being stored frozen than was the brain enzyme.

There was no apparent

drop in initial activity after the liver had been stored for as long as
3 weeks.

However, when the liver was kept for 2 months the enzyme ac-

tivity decreased about 10-20%.

All operations were performed at 0

0

to

5° C unless otherwise indicated.
Step !.--Preparation of the Crude Extract .

The liver (1420 g) was homog-

enized with 2840 ml of 0 . 05 M potassium phosphate buffer (pH 7.4) c ontaining 1 mM EDTA for 2 minutes.
48,200 x g for 30 minutes.

The solution was then centrifuged at

The supernatant solution was carefully de-

canted.
Step 2.--Ammonium Sulfate Fractionation I.

The supernatant solution from

step one was diluted with 0.05 M potassium phosphate buffer (pH 7.4) containing 1 mM EDTA, to 20 mg per ml protein.

This solution was brought

to 40% ammonium sulfate saturation by adding solid ammonium sulfate. The
suspension was stirred for 15 minutes and centrifuged at 27,300 x g for
15 minutes.

The precipitate was discarded.

Sufficient solid ammonium

sulfate was added to the supernatant fraction until the fraction was 55%
saturated.

It was then stirred for 15 minutes, and the protein precipi-

tate was collected by centrifugation at 27,300 x g and then stored at

Step 3.--Heat Denaturation.

The ammonium sulfate preparation from the

previous step was suspended in 400 ml of 0.05 M potassium phosphate
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buffer (pH 7.4), containing 1 mM EDTA and dialyzed against 2 changes of
16 liters of the same buffer for a total of 8 hours.

The protein concen-

tration was adjusted to 20 mg per ml with the same buffer.

To this solu-

tion 0.1 M phosphoric acid was added dropwise with continuous stirring
until the pH reached 6.5.

Then both L-serine and pyridoxal 5'-phosphate

were added to a final concentration of 20 mM
tively.

and of 1 x 10- 2 , respec-

The mixture was placed in a 125 ml Erlenmeyer flask which was

immersed in a water bath previously heated to about 80 to 85° C.

The

oontents were swirled continuously as the temperature was allowed to rise
as rapidly as possible to 62 - 63° C where it was kept at this temperature for 2 minutes.

After rapidly cooling, the denatured protein was re-

moved by centrifugation at 27,300 x g for 15 minutes.
Step 4.--Arranonium Sulfate Fractionation II.

The supernatant solutionfrom

Step 3 was treated with solid ammonium sulfate in the same manner as in
Step 2, except the range of the second fractionation was from
anunonium sulfate saturation rather than 40 - 55%.

40 - 50%

The precipitate ob-

tained was dissolved in 50 ml of 0.05 M potassium phosphate buffer (pH
7.4) containing 1 mM EDTA, 0.2 mM dithiothreitol, and 10- 2 mM pyridoxal
5'-phosphate and dialyzed against 2 changes of 6 liters of this buffer.
All of the buffers used in the subsequent steps of purification contained
1 mM EDTA, 0.2 mM dithiothreitol and 1 x 10- 2 mM pyridoxal 5'-phosphate
unless otherwise indicated.
Step 5.--CM-Sephadex Chromatography.

The procedure was similar to that

described in Step 5 for the purification of the bovine brain serine transhydroxymethylase except that a column size of 3.8 x 16 cm was used and
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fractions of 10 ml were collected instead of 12 ml.
Step 6.--Hydroxylapatite Chromatography.

The ammonium sulfate paste from

Step 5 was suspended in 5 ml of 0.01 M potassium phosphate buffer (pH 7.4)
and dialyzed against 3 changes of 500 ml of the same buffer.

The protein

solution was applied to the top of the hydroxylapatite colume (2.5 x
11 cm) which had already been equilibrated with the above buffer by means
of peristaltic pump.

The column was then washed with the same buffer

until protein no longer emerged.

The yellow band of serine transhydroxy-

methylase was eluted with 0.075 M potassium phosphate buffer (pH 7.4).
Fractions of 4 ml were collected at the rate of 60 ml per hour and then
assayed for enzyme activity.

The enzyme emerged from the column as soon

as the protein was detectable in the eluate.

The activity of the enzyme

was distributed in essentially every tube which contained protein with
a nearly constant specific activity in all tubes.

The fractions exhibit-

ing high activity were pooled and precipitated with 60% ammonium sulfate.
When the enzyme was used it was dissolved in 0.05 M potassium phosphate
buffer (pH 7.4) and dialyzed against severnl changes of the same buffer.

IV.

EXPERIMENTAL RESULTS AND DISCUSSION
Measurement of Enzyme Activity

The experimental design of this project had as its primary object
establishing the possible existence of isozymes of serine transhydroxymethylase in bovine brain and liver.

The enzyme was purified extensively

from both sources, however, this required the majority of the effort
expended on this project .

Certain biological, chemical, and physical

properties were then extensively investigated.
Assay for Serine Transhydroxymethylase
The various assay methods which have been devised for this enzyme
have been reviewed by Blakley(5).

The equilibrium constant for the over-

all reaction of the interconversion of glycine and L-serine has been
reported to be 2.8 x 10 3 (52) and 3.1 x 10 3 (48)

(Reaction II), and the

association constant for the nonenzymatic formation of N5 ,N 10 -methylene
tetrahydrofolate (Reaction III) was determined to be 1.3 x 10 4 (3) at pH
4.3 and 2.1 x 104 at pH 7.2(53).

The reac,tion favored is obviously the

formation of L-serine from glycine.

The breakdown of L-serine to formalde-

hyde and glycine does not proceed in the presence of a catalytic amount of
tetrahydrofolic acid because df the very low dissociation of N5 ,N 10 methylene tetrahydrofolate.

This reverse reaction (Reaction IV) has an

equilibrium constant of approximately only 0.1(53).

For the most part

the assay methods were based on one of the following principles: (a) analyses for serine or glycine;

(b) formation of N5 ,N 10 -methylene
36

37

tetrahydrofolate, measured by absorbance changes at the appropria te wave lenth; and (c) coupling of the serine transhydroxymethylase reaction with
that catalyzed by methyl ene t etrahydrofolate dehydrogenase with th e subs e quent measurement of t he formation of NADPH at 340 nm .
The typical assay used i n thi s paper was modifie d from the method
of Taylor and Weis sbach (104 ).

The formation o f N5 , N1 0-me thylenetetra-

hydrofolate was determi ned us ing s er ine-3- 14 c as th e one -car bon source .
After the reaction was t e rminated the N5 ,N 10 -methylenetetrahydrofolate
was allowed to dissociate to yield formaldehyde .

The addition of dimedon

trapped the formaldehyde as the formaldehyde-dimedon complex .

The formal-

dehyde-dimedon complex was then extracted into toluene and its radioactivity determined.
There is an absolute dependency on the enzyme, tetrahydrofolate,
pyridoxal phosphate and the 14 c-8-carbon of serine .

It was necessary to

prepare the pyridoxal 5 1 -phosphate daily in order to obtain the maximum
specific activity, which is in agreement with the work of Turpin(l05).
The enzyme activi ty increased with the enzyme concentration,
showing a first order relationship as shown in Figure 5,

For both

enzymes, the limiting value of 4 x 104 counts per minute was observed and
when the amount of proteins in the reaction mixture exceeded more than
l mg, there ceased to be a linear relationship between the enzyme concentration and the specific activity .
The assay method for the formation of L-serine from glycine and
formaldehyde as described by Palekar
both crude enzymes from liver and brain.
mination of the disappearance of

~(12)

has also been tried with

This assay is based on a deter-

formaldehyde in the presence of glycine.
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Fig. 5.--Dependence of the extent of reaction on serine transhydroxymethylase concentration. The reaction mixture contained 30 µ
moles of potassium phosphate buffer (pH 7.4), 0.1 µmole pyridoxal phosphate, 4 µmoles dithiothreitol, 0.8 µmole tetrahydrofolate, 0.2 µmole
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15 minutes at 37°. The activity of the enzyme has determined as described previously in methods section.
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The assay mixtures (final volume, 0.1 ml ) in addition to the e nzyme contained potassium phosphate buffe r (10 µmoles; pH 7.5), dl,L-tetrahydrofolate (0.1 µmole), pyridoxal 5'-phosphate (1 nmole), forma ldehyde (0.5
µmole), dithiothre i tol (50 nmoles ), and glycine (5 µmoles) .

After inc u-

bation at 37° for 10 minutes the r ea ction was stopped by adding 0 . 1 ml of
10% trichloroacetic acid .

Control s l acking enzyme were carried out.

The

remaining formaldehyde was determined by a modifi cation of methods previously described for t h e determination of b isulf ite(106,107) .

Al iquots

(0.1 ml) were dilut ed to 4.5 ml with water and then treated with 0.5 ml of
a 1:1 (v/v) mixture of 0.01

M

NaHS0 3 and 0.04% p-rosaniline-HCl.

The

solutions were mixed a nd incubated at 37° for 45 minutes; optical densities were then compared at 560 nm.

The specific activity of the crude

liver enzyme, as determined by this assay, was in the range of 0.226 0.373 microgram of formaldehyde used per hour per mg of proteins. For the
crude brain enzyme, the amount of formaldehyde used per hour per mg was
'
found to be in the range of 0.004 - 0 . 008.

However, the success of this

assay method was dependent upon several critical factors .

Pyridoxal 5'-

phosphate and tetrahydrofolic acid had to be prepared fresh before each
assay in order to obtain these results .
had to be prepared before each assay.

The formaldehyde solution also
Applying this assay method to a

determination of the brain enzyme did not yield consistent results.

How-

ever it was decided not to use it for the remainder of the work described
in this dissertation.

It did prove satisfactory for the liver enzyme.

However, the above results clearly demonstrated that serine transhydroxymethylase from both bovine brain and liver can catalyze the condensation
of glycine with formaldehyde to form L-serine as well as the reverse
reaction.
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Assay for Allothreonine and Threonine Aldolase
The enzyme also catalyzes the cleavage of L-threonine or allothreonine to acetaldehyde artd glycine.

The rate of the reaction can be

determined by either dete rmini ng the amount of glycine liberated using
radioactive threonine or by measuring the amount of acetaldehyde formed
by chemical 0..08) or spectrophotometric methods (38) .

Generally threonine

and allothreonine aldolase activity in mammalian systems have be e n measured

by using the spectrophotometric method which was first established

by Malkin and Greenberg ( 38).

This method, modified by Palekar (12) ,

was also employed in this investigation.

The assay is dependent upon

coupling the threonine aldolase reaction with the reaction catalyzed by
alcohol dehydrogenase (Reaction XII)).

The addition of an excess of

alcohol dehydrogenase converted the acetaldehyde produced to

Acetaldehyde + NADH ~ethanol+ NAD+

(XII)

ethanol and there was a concomittant oxidation of NADH which could be
measured by following the decrease in absorption at 340 nm.
The enzyme activity increased with enzyme concentration as indicated on Figure 6, showing a first order relationship.
For the allothreonine aldolase activity the linear relationship
between the enzyme concentration and change in the absorbance at 340 nm
was still observable when the decrease in absorbance per minute was as
high as 0.45; however, for the threonine aldolase the curve started to
bend at an absorbance around 0.15 to 0.18.

Therefore, based on these

results, the concentration of the enzyme employed in the assay was chosen
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Fig. 6 . --Dependence of the extent of reaction on threonin e . aldolase (A) and allothreonine aldolase (B) . The r e action mixture and
condition are as'described in the method section . Th e amo unt of e nzyme
was varied as indicate d.

42
so that the decrease in A340 was not greater than 0.45 per minute for
allothreonine and 0.15 per minute for threonine aldolase.

A complete

dependence of the activity on the enzyme, threonine, pyridoxal 5'-phosphate was confirmed(l0 9 ) .
Schirch and Gross(58) demonstrated that the enzymes allothreonine
aldolase, L-threonine aldolase and serine transhydroxymethylase ar e the
same enzyme in rabbit live r.

However, in rat liver separated enzymes

were reported to catalyze the cleavage of threonine but the same enzyme
catalyzed the cleavage of L-serine and allothreonine(l2,57). The investigation of the relationship between these three enzymes was considered to
be a key point in the comparison of the liver and brain serine transhydroxymethylase.
With crude extract and the ammonium sulfate fractions of the brain
enzyme, it was not possible to assay the activity of threonine and allothreonine aldolase by the optical method because of the high level of
nonspecific dehydrogenase activity such as lactic dehydroqenase, NADP+oxidase, etc.

These enzyme systems are able to oxidize the NADH,

leading to a decrease of absorbancy at 340 nm.
an enzyme blank was tried, but without success.

thus

A controlled assay using
The activity of the

aldolases were quite low by comparison, and, therefore the results never
e~hibited any consistency.

These; ndnenzymatic activities were diminished

to a very low level after the CM-Sephadex C-50 step and enzymatic activity
could be followed by the standard method.
Comparative levels of allothreonine and threonine aldolaseactivity
and serine transhydroxymethylase activity in brain is shown in Table 2.
Both the serine transhydroxymethylase to allothreonine aldolasc and the
allothreonine aldolase to threonine aldolase ratios decreased during the
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TABLE 2
COMPARISON OF THE SPECIFIC ACTIVITY OF SERINE TRANSHYDROXYMETHYLASE,
ALLOTHREONINE ALDOLASE AND THREONINE ALDOLASE
I N BOVINE BRAIN
Purification
Step
Initial Extract
Protamine Sulfate
Ammonium Sulfate I
Ammonium Sulfate II

Serine Transhxdroxymethxlase~ Allothreonine Aldolase
Allothreonine Aldolase **

Threonine Aldolase **

-

-

-

-

-

-

CM-Sephadex C-50
Chromatography

1.02

18.l

Calcium Phosphate
Gel supernatant

0.76

13.0

Sephadex G-200
Chromatography

0.58

9.6

* Specific activity of serine transhydroxymethylase was defined as

µmoles of formaldehyde formed per mg enzyme per hour.

** Specific activity of allothreonine and threonine aldolase was

defined as µmoles of acetaldehyde formed per mg enzyme per hour.
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purificatj.on of the brain enzyme.

A greater degree of consistency in

relative act~vitie~ was observed with the liver enzyme (Tabl 0 3). However,
the ratios observed. for both the purest brain and liver preparations were
very nearly identical , strongly suggesting that the same enzyme in brain
and liver is responsible for all of these activities .

As the results

show in Table 3, the ratio of the serine transhydroxymethylase to allothreonine and allothreonine to threonine aldolase remained rather constant
during each purification step.

This evidence,at least in the case of

liver, favors a single enzyme that catalyzes all three reactions.

How-

ever, in the event that there are two or three separate enzymes they must
have very similar properties.

Schirch and Gross(58) reported the ratio

of serine transhydroxymethylas e to allothreonine as being about 4.0 while
the ratio of allothreonine to threonine is about 3 . 0 for the rabbit liver.
The later ratio was also reported to be about 10 in sheep liver(SS).
The data presented in these two tables is consistent with the
possibility that the liver and brain enzyme might be the sameenzymesince
they both still exhibited L-threonine and allothreonine aldolase a ctivity
after 5 and 6 purification steps respectively and the final ratio of the
three enzyme activities in brain are rather close to the pure liver enzyme.
If only one enzyme or very similar enzymes catalyzes these three reactions
in liver, the same situation probably is true for the brainenzymeaswell.
However, the possibility that two aldolase activities might be catalyzed
by protein impurities cannot be completely eliminated.
Purification Methods
A summary of the purification scheme for the brain and liver enzyme are shown in Tables 4 and 5, respectively.
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TABLE 3
COMPARISON OF THE SPECIFIC ACTIVITY OF SERINE TRANSHYDROXYMETHYLASE,
ALLOTHREONINE ALDOLASE AND THREONINE ALDOLASE
IN BOVINE LIVER
Purification
Step

Serine Transhidroxymethylase * Allothreonine Aldolase
Threonine Aldolase **
Allothreonine Aldolase **

Initial Extract

0.87

7.6

Ammonium Sulfate I

0.57

9.6

Heat Treatment

0.51

11. 7

Ammonium Sulfate II

0.54

11.1

CM-Sephadex c-50
Chromatography

0.58

10.0

Hydroxylapatite
Chromatography

0.50

10.4

*specific activity of serine transhydroxymethylase was defined
as µmoles of formaldehyde formed per mg enzyme per hour.
**specific activity of allothreonine and threonine aldolase was
defined as µmoles of acetaldehyde per mg enzyme per hour.

TABLE 4
PURIFICATION PROCEDURE FOR SERINE TRANSHYDROXYMETtlYLASE FROM BOVINE BRAIN

=

Total
Activity

Specific
Activity

17.0

976

0.011

8,874

6.0

746

0.014

76.4

1.3

Ammonium Sulfate
(33-55%)

308

52.0

57-7

0.036

59.1

3.3

Ammonium Sulfate
(35-45%)

108

3.S.7

288

0.069

29.5

6.3

CM-Sephadex C-50

95

3.2

193

0.636

19.8

57.8

Calcium Phosphate
Gel Supernatant

55

0.44

70

2.88

7.2

261.8

Seph-adex G-200
Chromatography

20

0.12

28

11.55

2.9

Fraction

Volume
(ml)

Initial Extract

5,220

Protamine Sulfate

Protein
Cone.
(mg/ml)

Yield
(%)
100

Relative
Improvement

1

1050

.c,.

(J'I

TABLE 5
PURIFICATION PROCEDURE FOR SERINE TRANSHYDROXYMETHYLASE FROM BOVINE LIVER
Protein
Cone.
(mg/ml)

Total
Activity

Specific
Activity

2,790

38.3

68,175

0.638

Ammonium Sulfate
(40-55%)

425

64.0

43,248

1.59

63.4

2.5

Heat Treatment
(63° C, 2 min.)

1,580

3.9

26,743

4.34

39.2

6.8

Am.11onium Sulfate
(40-50%)

65

51.8

15,185

4.51

22.3

7.1

CM-Sephadex C-50
Chromatography

185

0.9

10,456

62.8

15.3

98.4

Hydroxylapatite
ChroJ1atography

171

0.3

4,022

78.4

5.9

122.9

Fraction

Initial Extract

Volume
(ml)

Yield
(%)
100

Relative
Improvement

1

,i,,.

--.J
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The same buffer system , 0.05 M potassium phosphate buff e r (pH
7.4), was designed and used for both schemes in order to keep both purification procedures as simil a r as possible .

This buffering system had

previously been shown to work very well with these enzymes(l05).
Purification of Serine Transhydroxymethylase from Bovine Brain
The initial crude extract obtained from brain gave an average
specific activity of O. 011 µmole of formaldehyde formed per mg of protein
per hour.

The range of specific activity found in initial extracts ranged

from 0.006 to 0.016 units per mg of protein depending on the length of
time the brain had been stored in the fro ze n state .
The protamine sulfate fractionation resulted in a 1 . 3-fold improvement.

This step is one of the important steps even though the

degree of improvement was low.

The protamine sulfate helped in removing

nucleic acid and large molecular weight milky white proteins.

When this

step was omitted the success of the CM-Sephadex C-50 was diminished considerably and resulted in a slow flow rate.
The 33-55% ammonium sulfate step was performed after the protamine sulfate step.
activity.

This wide range was used in order to obtain more total

This resulted in an additional 2.5-fold increase in the spe c-

ific activity.

The enzyme in the form of an ammonium sulfate paste could

be stored at -20° C.

Only a 5-10% decrease in the specific activity was

detected after storage for 3 to 5 days.
The second ammonium sulfate step resulted in an overall 6.3-fold
increase in specific activity.

Eliminating this step and going directly

to the column step produced about a two fold lower specific activity.
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The CM-Sephadex C-50 chromatography represents an excellent step.
This step gave about 10-fold increase in specific activity.

About 60%

total activity was retained with the elimination of over 93% of contaminating proteins (Figure 7).

Attempts to replace this step with DEAE cellu-

lose (Whatman DE-52) were unsuccessful.

There was very little enzyme

activity absorbed on the DEAE-cellulose column even when an equilibration
buffer as low as 0.005 M potassium phosphate buffer (pH 7.5) was utilized.
Several additional types of column materials were employed after
the Sephadex C-50.

Columns packed with either DEAE-cellulose or CM-

cellulose (Whatman CM-52) were investigated in an attempt to effect a
further purification of the enzyme.

The inconsistent and unreproducible

results obtained with these columns run under numerous different conditions made it unprofitable to incorporate their usage into the purification scheme.
Calcium phosphate gel (15 mg per each mg of protein) was added to
the CM-Sephadex enzyme fraction, stirred, and then centrifuged.

For the

most part the enzyme was not absorbed onto the gel and the supernatant
fraction exhibited about a 4 to 5 fold increase in specific activity.
The overall yield was about 50%.
The last step employed for brain purification was a Sephadex G-200
column (Figure 8).

This step always gave about a 3.5~4.5 fold increase

over the previous step if it was performed after the calcium phosphate
gel treatment.

The results were very dependent upon the purity of the

enzyme from the former step and the amount of protein applied to the
column.

When enzyme of a relatively low specific activity and high

amounts of protein were added to the column only a 2-3 fold purification
was achieved (Figure 9).
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Fig. 7.--Chromatography of brain serine transydroxyme thylase
after second ammonium sulfate fraction on CM-Sephadex C-50. The 35-45%
ammonium sulfate fraction containing 3286 mg of protein in 50 ml 0.05
M potassium phosphate buffer (pH 7.4), containing 1 mM EDTA, 0.2 mM
dithiothreitol and 1 x 10- 2 mM pyridoxal 5'-phosphate was placed on the
column. Elution was carried out by the linear gradient between 0.050.5 M phosphate buffer (pH 7 . 4) . Fractions of 12 ml were collected.
For the details of chromatography techniques and enzyme activity assay
refer to the methods.
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Fig. 8.-"-Gel Filtration. Brain serine transhydroxymethylase fro m
calcium phosphate Gel fraction was chromatographed on Sephadex G-200
column . Enzyme 15.9 mg in 3.4 ml 0.05 M potassium phosphate (pH 7.4)
containing 1 mM EDTA, 0 .2 mM dithiothreitol, 1 x 10-2 m.M pyridoxal 5'phosphate was placed in the column having the following dim ens i on 2,5
x 87 cm. Fractions of 3 .4 ml with a flow rate of 20 ml per hour were
collected and monitored as described in the method section.
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Fig. 9.--The poor resolution of brain serine transydroxymethylase on a Se phadex G-200
column.
The association of brain serine transhydroxymehtylase with the major protein
comi;:onent in the mixture when a protein solution from Sephadex C-50 fraction were put on
a Sephadex G-200 column as described above. Protein 180.6 mg in 5 ml 0.05 M potassium phosphate buffer (pH 7. 4) . Fractions 3. 3 ml were collected with the flow rate of 20 ml per hour
and enzyme activity and protein concentration were monitored as similar as Fig. 8.
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The concentra tion of the enzyme a ft e r the G- 200 fraction was very
low .

Treating thi s frac t ion with powde r ed sugar as descr i bed in the

method section increas e d t he concentration 3 or 4 times in a period of 6
to 8 hours.

However, since th e sugar in t he solution had to then be

dialyzed away, about a 20 % lo ss in activi ty was noted.

The enzyme was

then divided into several smal l aliquots and stored at -20° C.
Purification of Serine Trans hydroxymethylase from Bovine Liver
Crude extracts of live r had an average specific activity of 0.64
µmole formaldehyde f o rmed per mg of proteins per hour.

The specific

activity observed v aried depending on the p eriod the liver had been
sotred as mentioned i n the method section.
The crude extract was fractionated by the addition of solid ammonium sulfate and the 40-55% ammonium sulfate pellet from the fraction
was saved for the next step.

This fraction resulted in a further 2.5

fold purification with about a 63% recovery of total activity.
A heat step was next employed in the further purification of the
liver enzyme.

The enzyme s olution was care fully adjusted to pH 6.5 with

0.1 M phosphoric acid.

The addition of L-serine appeared to partially

stabilize the enzyme anr'l a higher temperature could be utilized in the
heat denaturation step.

Also, the addition of L-serine preserved a much

larger percent of the total activity.

The heat treatment appeared to

destroy mainly the contaminating proteins and resulted in about a 2.7
fold increase in activity and resulted in about a 60% recovery of the
total activity.
The enzyme from the heat step was further fractionated with
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Fig. 10.--Chromatography of the liver serine transhydroxyrnethylase after the second ammonium sulfate fraction on a CM-Sephadex C-50
column. The 40-50% ammonium sulfate fraction containing 2135 mg of
protein in 30 ml of 0.05 M potassium phosphate buffer (pH 7.4) was placed
on the column. Elution was carried out by utilizing a linear gradient
between 0.05 - 0.5 M buffer potassium phosphate buffer (pH 7.4). Fractions of 6 ml were collected. For the details of the chromatographic
techniques and enzyme activity assays refer to the methods.
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ammonium sulfate.
collected.

The protein which precipitated between 40 and 50% was

While a 0-50% fraction produced no significant improvement in

specific activity the total recovery of activity increased to over 80%.
The further purification of the enzyme on a CM-Sephadex column
proved to be an excellent step and resulted in an additional 15-fold
purification and produced recovery of 68% of the activity.
yellow band remained

A distinct

on the top of the column after the column had been

washed with 0.05 M potassium phosphate buffer (pH 7.4).
The next step in the purification scheme involved the use of a
hydroxylapatite column.

The liver enzyme was readily absorbed by the

hydroxylapatite gel at the ionic strength of the equilibration buffer.
This is true for the enzyme action with CM-Sephadex C-50 and protamine
sulfate fractionation because the protamine sulfate solution as high as
6% cannot precipitate the enzyme(lOl).
Only about a 1.2-fold increase in specific activity was achieved
in the hydroxylapatite step, but a gel electrophoresis analysis of the
enzyme obtained from this column showed only a single major band and a
very minor faint band.

A Sephadex G-200 column was tested as an alterna-

tive step after the CM-Sephadex C-50 column.

It was surprising that the

pooled fractions from the G-200 column exhibited a specific activity
as high as that obtained with hydroxylapatite column and occasionally
even a little bit higher, but an analysis by polyacrylamide gel electrophoresis revealed one and sometimes two more very faint bands.

The elu-

tion pattern of the Sephadex G-200 column is shown in Figure 11.
Purity of Serine Transhydroxyrnethylase from Bovine Brain and Liver
The enzyme purification procedures used were evaluated by
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Fig. 11.--Gel Filtration. Liver serine transhydroxymethylase
was chromatographed on Sephadex G-200 column in 0.05 M potassium
phosphate buffer (pH 7.4) containing 1 mM EDTA, 0.2 mM dithiothreitol
.and 1 x 10-2 M pyridoxal 5'-phosphate. Enzyme (17 mg in 1.9 ml) was
placed on a 2.5 x 78 cm column. Fractions of 3.5 ml were collected
wit.h a flow rate of 16 ml per hour and then were monitored as described
in .the method sec tion.
0
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polyacrylamide disc gel electrophoresis as illustrated in Figures 12 and
13.

The method used in this study was that of Davis (97), and was per-

formed as described in the method section.

Gels run on liver enzyme s am-

ples taken from the CM-Sephadex C-50 and hydroxylapatite column are shown

in Figure 12.

The CM-Sephadex C-50 enzyme showed one major band with an

Rf value of 0.13 and this band contained more than 95% of the total proteins.
0.51.

Two more minor bands were observed with Rf values of 0.48 and
The enzyme after the hydroxylapatite column appeared to contain

only one band when 20 to 30 µg was applied to the top of the gel.
when the amount of enzyme applied was increased to 104 µg
band with an Rf value of 0.50 appeared.

a second faint

From these results it was assumed

that the liver enzyme was probably more than 95% pure.
electrophoresis

However,

When the gel-

was performed in 0.05 M Tris-Acetate buffer pH 8.5 in-

stead of Tris-glycine buffer pH 8.3, the major broad band migrated with
an Rf value of 0.03 and a small faint band was noticed with an Rf value of
0.44.

A duplicate gel, run under identical conditions, was cut into 0.5

mm sections.

The protein components in each slice were eluted for 4 hours

in the buffer used for the assay.
activity.

Each fraction was assayed for enzyme

The activity of the enzyme was localized on the gel at the

region which corresponded to the major band observed upon staining the
gel.

This strongly indicated that the enzyme activity was associated with

this major band.
The results shown in Figure 13, give an indication of the relative
purity of the brain enzyme after CM-Sephadex c-50 step, the calcium phosphate gel step and the Sephadex G-200 column step.

The Sephadex C-50

enzyme showed one major band with an Rf value of 0.25 and two minor bands
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A

B

Fig. 12.--The pattern of polyacrylamide gel electrophoresis of
liver serine transhydroxymethylase . A. Enzyme after CM-Sephadex C-50
column {55 µg). B. Enzyme from hydroxylapatite column {48 µg) •

•
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A

B

C

Fig. 13.--The pattern of polyacrylamide gel electrophoresis of
brain serine transhydroxymethylase. A. Enzyme from CM-Sephadex C-50
column (52 µg). B. Enzyme from calcium phosphate gel supernatant
(64 µg ). c. Enzyme from Sephadex G-200 column (41 µg).
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at Rf 0.15 and 0.075 in addition to a few more faint bands.

The calcium

phosphate gel showed 2 major bands with Rf values of 0.33 and 0.12.

The

band at an Rf of 0.33 was a little more intense than the band at an Rf of
0.12.

There were one or two faint bands between these two major bands.

The G-200 fraction when analyzed by polyacrylamide gel electrophoresis
showed two fairly di,stinct major bands at Rf values of 0.12 and 0.33. The
band with an Rf of 0.33 was more dominant than the one with an Rf of 0.12.
It is interesting to speculate that the band which emerged after the
calcium phosphate gel step with an Rf of 0.12 represented the location of
the enzyme.

The liver enzyme similarly has a band with an Rf value of

0.13 when run under the identical electrophoretic conditions.

However,

if this is the case the enzyme band is not the major protein component of
the CM-Sephadex C-50 fraction.
Comparative Properties of the Brain
and Liver Serine Transhydroxymethylase
Specific Activity
There is a marked difference in the specific activity of serine
transhydroxymethylase in these two tissues.

The liver enzyme is about

60 times more active than the brain enzyme.

This might be due to: (1) the

presence of a less active form of enzyme in brain tissue; (3} the presence
of certain inhibitors in brain; and (4) a lower amount of enzyme in brain
tissue in comparison to the total protein.

The experimental evidence

previously described would appear to favor (4} more than (1} or (3).
pH Optimum of the Reaction
The dependence of the serine transhydroxymethylase activity on the
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pH of the ;reaction mixt ure was studied and a comparison made using the
enzyme obtained from either brain or liver.
Figures 14 and 15 .

The results are shown in

The pH optima of the liver and brain enzymes were

found to be around 8 .0.
ty above a pH of 8.0.

The enzymes still re tained most of their activiThese results are in close agreement wi th the

value of 7.8 observed for the bovine brain enzyme as determined by
Broderick0.0.5) and the value of 8.0 reported for rabbit liver enzyme (110)
and the value of 7.5-8 . 0 reported for rat liver enzyrne(12).
lsoelectric pH
As far as could be determined in reviewing the literature the isoelectric point of serine transhydroxymethyl ase had not previously been
determined.

Observing the behavior of the enzyme during purification,

Blakley(50) suggested that the isoelectric point of this enzyme would
probably be higher than 8 . 0.

Preliminary examinations of the isoelectric

point of bovine liver and brain was performed using cellulose acetate electrophoresis.

The enzymes were electrophore s is at a pH of 8.8 and compared

to cytochrome c (pl, 10.6) and chicken albumin (pl, 4.6).

The liver

serine transhydroxymethylase move as a single band for about 3 mm from the
starting line in the direction of the cathode (positive electrode). Cytochrome c split into one major band and two minor bands and also moved
towards the cathode and these bands were observed at a distance of 4.7,
5.0, 4.0 cm respectively.

The chicken albumin also given two bands and

moved in the opposite direction toward the anode.
enzyme was observed in either direction.

No r,10vement of brain

This result indicated that the

isoelectric point of the enzymes was approximately pH 8.8 or higher.
Isoelectric focusing was performed as previously described
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method section.

Liver serine transhydroxymethylase obtained from the

hydroxylapatite step was analyzed.

However, because of the relatively

large amount of protein needed for this experiment the calcium phosphate
gei fraction was used as the source of the brain enzyme for the determination of the isoelectric point.

The isoelectric point of the enzymes

was determined from the data in Figures 16 and 17.

A value of about

8.7-8.8 was found for the liver enzyme and a value of 8.9 for the brain
enzyme.

These values are in excellent agreement with the properties of

these enzymes as revealed by their behavior during purification.

Figure

16 represents the plot of only the liver enzyme activity reported as
units per ml per hour, while both units per ml per hour and specific
activity was shown for the brain enzyme (Figure 17).

The first peak of

protein shown in both figures was difficult to explain.

In the case of

the brain enzyme it was quite obvious that the first band was due to
contaminating proteins.

However, for the liver enzyme which is pre-

sumably 95% pure the first protein peak could be due to denatured enzyme
which might be generated as the result of the exposure to the very low pH.
Molecular Weight of Serine Transhydroxymethylase
The linear correlation between the logarithm of the molecular
weight of a protein and the ratio of its elution volume (Ve) to the column void volume (V0

)

was first reported by Whitaker (111). The determina-

tion of the molecular weights of proteins by means of gel filtration on
cross-linked dextran gels has been described by a number of authorsUll-113).
Using Sephadex G-75 and G-100, the molecular weight of proteins ranging
from 13,000-150,000 can be determined.

Leach and O'SheaU14) demon-

strated the use of Sephadex G-200 column for determining the molecular
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Fig. 16.--Isoelectric focusing of 5.5 mg of liver serine transhydroxymethylase in a
110 ml LK.B electrofocusing column. Electrofocusing was performed at 4° C for 24 hours with
constant applied voltage of 300 volts, starting current 15 mA. Fractions of 1.3 ml were
collected and monitored for protein at . 280 nm(~), activity of the enzyme/ml/hr(•--•),
and pH (•····•).
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Fig. 17.--Isoelectric focusing of 24.3 mg of brain serine transhydroxymethylase enzyme,
calcium phosphate gel fraction in a 110 ml LKB electrofocusing column. Electrofocusing was
performed at 4° C for 20 hours with a constant applied voltage of 300 volts, initial current
15 mA. Fractions of 1.3 ml were collected and monitored for protein at 280 nm (0---0), specific
activity of serine transhydroxymethylase ( o--o), activity/ml/hr (.,_e-), and pH ( -.+-e-).
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weight of proteins up to 225,000 and suggested that this technique can
be extended to proteins of higher molecular weight.
The molecular weights of serine transhydroxymethylases from
different sources were listed in Table 1.

Moreover, Martinez-Carrion

et al(llS) also reported the value of 215,000 + 11,000 for the rabbit
liver serine transhydroxymethylase.
The molecular weight of bovine brain and liver serine transhydroxymethylase were determined by using Sephadex G-200 column.

The

column of Sephadex G-200 (2.5 x 90 cm) was used with a flow rate of 14 ml
per hour.

Fractions of 3 ml were collected.

The K
values of the stanav

dard molecular weight proteins including the enzymes were calculated according to the following formula.

av

=

e - V0
Vt - V0

V
e

=

elution volume for the protein

V

0

=

elution volume for Blue Dextran 2000

Vt

=

total bed volume

K

where

V

The void volume (V) was determined by using Blue Dextran-2000.
o

The elu-

tion volume was measured using a volumetric flask and also averaged from
the volume of each tube.

Based upon their elution volume from the column

as described previously the molecular weight of serine transhydroxymethy
lase for liver and brain were calculated to be 245,000 ± 20,000 and
229,000

± 20,000,

respectively (Fjgure 18).

The values obtained by this
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Fig. 18.--Relationship between Kav of known molecular weight proteins and log of protein
molecular weight (e). 1 = catalase (240,000); 2 = aldolase (158,000); 3 = bovine serum albumin
(67,000); 4 = hen egg albumin (45,000); liver serine transhydroxymethylase (A); brain serine
transhydroxymethylase (a). All of standard molecular weight proteins used 1 ml of protein at a
concentration of 10 mg per ml.
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experiment are obviously approximate.

The difference in the molecular

weights of the two enzymes represent essentially only a difference of 2
to 3 ml in the elution volume.

The range of the error foreachmolecular

weight determination is approximately ± . 3 ml and would lead __to ± 20,000
difference in reported molecular weights.

This might be due to the fact

that the column was run upward so the resolution power might not be as
accurate as a gravity run.

The change in the volume during each run has

been taken into account in the calculation.

However, based upon the re-

sults of three runs on the same column a difference of 2 to 3 ml in the
elution volume of the liver and brain enzymes were observed.

This is in

the range of the experimental error of this method and, therefore, the
conclusion can be drawn that these two enzymes have very similar if not
identical molecular weights.
Kinetic and Substrate Specificity
Some of the kinetic constants for serine transhydroxymethylase
previously reported by numerous workers using widely differentsources are
surranarized in Table 1.

The results of the studies of serine transhydroxy-

methylase activity, allothreonine activity, and L-threonine aldolase activity, as summarized in Tables 2 and 3 would strongly suggest that the
cleavage of L-serine, L-threonine, DL-allothreonine are the properties of
a single enzyme in both brain and liver.

These three catalytic activities

are associated with the two highly purified enzymes and it should be
possible to further distinguish and characterize them by their kinetic
behavior.

The rates of the reactions catalyzed by these enzymes with

various substrate concentrations were carried out using the standard assay
methods which are described in the method section. The apparentMichaelis

70

constants were determined by Lineweaver-Burk (1.16) plots (Figures 19 and
20.

The apparent K for the three substrates are sUI!lillarized in Table 6.
m

' The K for L-threonine utilizing the brain enzyme in the determination
m

is not included because the rate of this reaction was extremely slow and
would require higher concentrations of the brain enzyme than were
available.
The effect of various inhibitors upon the three enzyme activities
were also studied.

The effect of allothreonine and L-threonine on the

serine transhydroxymethylase is shown in Table 7.
Because allothreonine and threonine can be used as substrates by
the serine transhydroxymethylases of both tissues the possibility exists
that these compounds can inhibit the cleavage of serine.
stantiated by the data in Table 5.

This is sub-

Allothreonine inhibited the cleavage

of serine to a greater degree than did threonine. An identification of
the type of inhibition also attempted by the Lineweaver-Burk method.

The

results of this study indicated that the inhibition by allothreonineand
threonine utilizing both the liver and the brain enzymes were competitive
with respect to L-serine.

However, the computation of K.]. values by

using this assay method might lead to erroneous conclusions since
Dimedon, which was used to trap the formaldehyde generated when serine
was cleaved, can also react with acetaldehyde.

0
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concentration of L-serine was varied from 0.02 to 0.22 mM. Enzyme (2.2 µg).
-.J

I-'

r---,

cc
:c

'...I

12.0

'

C

w

cc

10.0

0

u..

w

C

>-

:c
w
C

...I

ct

a:
0

u..

w

..J

0

-'
-20

-10

10
1/

20

30

40

50

L -SERINE (mM)•1

Fig. 20.--The effect of the concentration of L-serine on the activity of brain serine transhydroxymethylase. The reaction mixtures were as described for the usual assay except the concentration
of L-serine was varied from 0.02 to 0.22 mM. Enzyme (2.2 µg).

-.J

IV

73

TABLE 6

mm

APPARENT

Ki VALUES OF SERINE TRANSHYDROXYMETHYLASE

ENZYME FROM BRAIN AND LIVER

Substrate

Inhibitor

Liver Enzyme

Brain Enzyme

Km

K.l

K

m

K.l

rnN

mM

mM

mM

L-Serine

0.25

0.33

L-Allothreonine

1.04

0.82

20.0

L-Threonine
L-Allothreonine

L- Serine

0. [~6

L-Threonine

L-Serine

0.33

0.52

T.i-\.BLE 7

INHIBITION OF SERL.'IB TIW{SHYDROXYMETHYLASE
BY L-THREONI:NE Ai.~D DL-ALLOTHREONINE

L-Threonine

Inhibition
of
Brairi Enzyme

µmole

%

none

0

DL-Allothreonine

µmole
none

Inhibition
Brain Enzyme

Liver Enzyme

%

%

0

0

.2

3.7

2

24

29

4

7.3

4

44

52

8

24.0

16

29,0

20

79

86
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acetaldehyde and formaldehyde for the Dimedon might complicate the
interpretation and calculation of Ki values.
The inhibition of allothreonine and threonine aldolase by
L-serine was also studied.

Lineweaver and Burk plots of kinetic data

for both enzymes revealed that the inhibition of L-serine was competitive (Figures 21-23).

The K. 's for L-serine which interfered with the
1

breakdown of allothreonine were 0.46 mM for the liver enzyme and 0.50
mM for the brain enzyme which are similar to the K values of 0.25 mM
and 0.33 mM reported for serine.

m

L-serine is also a competitive in-

hibitor for L-threonine in the liver enzyme, the K. value of 0.33 mM
1

being close to the K value of 0.25 mM for serine.
m

However, the K
m

and K. of these two enzymes when compared with similar substrates or
1

inhibitors gave values that were very nearly identical to each other,
again supporting the similarity of the two enzymes.
Absorption Spectrum of Serine Transhydroxymethylase
The highly purified serine transhydroxymethylases from both
brain and liver exhibited an absorption peak at 430 nm.

This was in

agreement with Schirch and Mason(8) who reported that the rabbit liver
enzyme exhibited an absorption peak at 415 nm when it was about 50%
pure.

The highly purified enzyme (90-95%) should have an absorption

peak shift from 415 to 430 nm.
phosphate(ll0).

This peak is due to the bound pyridoxal

The bound pyridoxal phosphate can be removed quanti-

tatively by a reaction with cysteine.

Cysteine resolved the enzyme

by combining with the enzyme bound pyridoxal phosphate to form the more
stable thiazolidine compound which resulted in the disappearance of
430 nm absorption peak with a

concomitant appearance of a peak at
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L-serine (o). The reaction mixture also contained 0.1 M potassium phosphate buffer (pH 7.3), 10- 5 M
pyridoxal phosphate, 10-4 M dithiothreitol, 1.5 x 10-4 M NADH, yeast alcohol dehydrogenase (35 units)
and enzyme 5.2 µg.
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330 run.

Loss of enzyme activity exactly paralleled the spectral change.

Serine transhydroxymethylase of brain and liver also show absorption
peaks at 430 run (Figures 24 and 25).

The brain enzyme did not have an

absorption peak as high as the liver enzyme when the same concentration
of the enzymes was used .

This wa s due t o the difference in spe cific

activity (the liver enzyme has a specific activity about 17 times higher
than the brain).

After treated with L-cysteine the 430 run absorption

peak was replaced with a new peak at 330 nm.

At the same time the ab-

sorption at 280 nm due to the protein structure also changed, indicating
that the structure of enzyme was changed by the treatment of L-cysteine.
These results show that the serine transhydroxymethylase of both
tissues are similar to the rabbit liver enzyme which has been demonstrated to be a pyridoxal phosphate containing enzyme.

However, time

and the purity of enzyme have not allowed the investigation of the
amount of pyridoxal phosphate bound per mole of proteins.
Immunological Studies
Previously, Fu j i oka(ll ) reported t he presence of serine t r ans hydroxymethylase isozymes in the mitochondria and the soluble fraction.
They both had a similarity in most of the properties except the immunological activities.

In this study the immunological activities of the

serine transhydroxymethylases from bovine brain and liver were tested.
Antiserum to the liver enzyme (250 to 300 µ1) was placed in the center
well of an Ochterlony plate, and then 250 µl of the diluted enzyme samples were added to each of the outer wells.
Figure 26A.

The results are shown in

The liver enzyme, ranging in concentrations from 20 to
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Fig. 24.--The effect of L-cysteine on the absorption spectrum of serine transhydroxymethylase
from bovine liver. Curve I., absorption spectrum of 0.28 mg of enzyme in 1 ml in 0.05 M potassium
phosphate buffer pH 7.4. ·curve II., the same amount of enzyme plus 0.9 mg of L-cysteine and
incubation
at 4° for 15 minutes.
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Fig. 25.--The effect of cysteine on the absorption spectrum of serine transhydroxymethylase
from bovine brain. Curve I., absorption spectrum of 0.28 mg of enzyme in 1 ml in 0.05 M potassium
phosphate buffer (pH 7.4). Curve II., the same amount of enzyme plus 0.9 mg of L-cysteine and
incubation
at 4° for 15 minutes.
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A
F

B

E

C

D

Fig. 26A.--Immune diffusion of serine transhydroxymethylase
from bovine liver. Antiliver serum (300 µ1) was placed in the center
well, and various concentrations of enzyme (250 µ1) were put in all six
outer wells; A (625 µg, B (313 µg), C (156 µg), D (78 µg), E (39 µg)
and F (20 µg). The Ochterlony plate was incubated at room temperature
for 48 hours in the moist chamber. The precipitin lines were observed
as described previously in the method section.
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625 µg,were placed in the outer wells.

The plate was checked after 48

hours incubation at room teniperature ln a moist chamber.

A single pre-

cipitin band was visible against all of the enzyme dilutions added in the
outer wells.

The higher the enzyme concentration the closer the precip-

itin line to the center well.

The cross reaction between the liver en-

zyme antiserum and brain enzyme was demonstrated in Figure 26B.

The

brain enzyme and liver enzyme at the same concentration as normal bovine
serum can form the precipitin bands with liver enzyme antiserum and not
with the normal serum.

The precipitin bands of liver and brain were

fused to each other at their ends, which suggests that they were antigenitically

similar.

The precipitin line shown by the brain enzyme was

not as thick as the liver, which was probably due to the difference
the specific activity of these enzymes.

in

The similarity in immunological

activity between the liver and the brain enzyme was found to be specific
for serine transhydroxymethylase which was further studied by determining
the neutralization capacity of the antiserum prepared from the liver enzyme.

The purified liver antiserum inhibited the enzyme activity in both

brain and liver.

As shown in Figure 27, both enzymes were inhibited by

preincubation with the antiglobulins of liver enzyme.

Antiglobulins were

prepared as previously described in the method section from the antiserum
of liver enzyme.
Figure 27.

The experiments were carried out as described under

The purified y-globulin from normal serum inhibited both en-

zyme activities to the same extent, but about 25 times lower than the
y-globulin from antiserum.
Stability of Serine Transhydroxymethylase
Serine transhydroxymethylase from rabbit liver and rat liver were

83

Fig. 26B.--Cross interaction of the immuno diffusion of serine
transhydroxymethylase from bovine liver and brain. Antiliver enzyme
serum (300 µl) was placed in the center well, and various concentrations
of liver enzyme, brain enzyme, and normal bovine serum were put in the
outer wells; the volume used are all 250 µl. A, 200 µg of liver enzyme
(specific activity 53 units per mg proteins); B, 200 µg of brain enzyme
specific activity 3.2 units per mg proteins); C, 200 µg of normal bovine
serum.
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Fig. 27.--The neutralization curve of antiserum y-globulin of
· liver serine transhydroxyme thylase with liver and brain enzyme. Brain
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The enzyme incubate with indicated amount of y-globulin at 37° C 20
minutes in 0.4 ml 0.025 M potassium phosphate buffer (pH 7.4). Curve 1,
N-serum y-globulin plus enzymes; Curve 2, liver antiserum y-globulin
plus brain enzyme; Curve 3, liver antiserum y-globulin + liver enzyme.
After the incubation the enzyme activities were determined as de s cribed
for the usual assay method.

85
found to be very stable at higher temperatures in the presence of its
substrates(l0-12,11~. The heat stability of the bovine brain and liver
enzymes were compared.

The enzyme after the first ammonium sulfate

fractionation in brain (33-55%) and the crude extract in liver were used
after being dialyzed thoroughly in 0.05 M phosphate buffer (pH 7.4). The
solutions were adjusted to pH 6.5 by the addition of 0.10 M phosphoric
acid, and made 20 mM with respect to L-serine.

The solutions were then

heated at various temperatures for 2 minutes.

The solutions were cooled

rapidly to 5° C.

The results obtained in this study are shown in Table 8.

The liver enzyme was considerably more stable to the heat treatment than
the brain enzyme.
TABLE 8
EFFECT OF HEATING TEMPERATURE ON THE STABILITY OF SERINE
TRANSHYDROXYMETHYLASE FROM LIVER AND BRAIN
Liver Enzyme
Temperature
(O C)

Brain Enzyme

Specific
Activity

Activity
(%)

Specific
Activity

Activity
(%)

Control

0.46

100

0.018

100

55

1.04

122

0.005

60

1.06

105

0.005

65

1.10

66

0.003

4

70

0.40

17

0.001

0.8

-

22
16

The liver enzyme could be purified almost 3-fold by taking advantage of
this property.

Therefore, the heat treatment was used as one of the basic

steps for the liver enzyme purification.

The enzyme was heated to 62-63°
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in the presence of 20 mM L-serine for 2 minutes and then rapidly cooled
to below

s0 •

Over 60% of the total activity was recovered and there was

about a 2.5-fold increase in the specific activity.

The brain serine

transhydroxymethylase, however, was found to be quite unstable with this
heat treatment.

There was almost no activity retained when the enzyme

was heated to 65° C.

The heat treatment step which could be applied to

the liver enzyme purification scheme could not be used for the preparation of the brain enzyme.

V.

SUMMARY

Serine transhydroxymethylases were partially purified from bovine
liver and brain.

Certain properties of the enzymes were compared.

Over

a 1,000-fold purification with a 1.9% yield was obtained for the brain
enzyme and about a 120-fold purification with a 6% yield was achieved for
the liver enzyme.

The purification scheme involved a combination of

fractional precipitations, ion exchange chromatography and gel filtration
procedures.

An

analysis of polyacrylamide gels of the liver enzyme

established that the enzyme represented the major band and contained 95%
of the total protein applied to the gel.

The brain enzyme showed two

major bands and it was estimated that about 40% of the protein was localized in one band and about 60% in the other.

Attempts to determine which

of the two protein bands seen in the brain preparation was due to the
enzyme were unsuccessful.
Both highly purified enzymes could use threonineandallothreonine
as substrates as well as serine.

The ratios of serine transhydroxy-

methylase to allothreonine aldolase activities and allothreonine to
threonine aldolase activites in the liver enzyme were found to be constant in each step of purification.

The ratio of these three enzyme

activities in brain were not as constant as seen in the liver enzyme.
However, the highly purified brain enzyme at the final step gave ratios
quite similar to those for the liver enzyme.

Liver serine transhydroxy-

methylase was more stable to the heat treatment than the brain enzyme.
0

The total activity recovered when the liver enzyme was heated to 63 Cand
87
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kept at that temperature for 2 minutes was over 60% and the specific
activity increased about 2.5 fold.

However, under identical conditions

only 4% of the activ,ity of the brain enzyme was recovered. The Kin values

for L-serine were 0.33 x 10- 3 M for the liver enzyme and 0.25 x 10- 3 for

the brain enzyme.

The activity of both enzymes was inhibited by allo-

threonine and threonine .when serine was utilized as the substrate for
the enzymes.

The type of inhibition appeared to be competitive.

The~

values for L-allothreonine and L-threonine with the liver enzyme were
1.04 x 10- 3 and 2,0 x 10- 2 M respectively, while the K for L-allothreom

nine using the brain enzyme was found to be 0.8 x 10-3 M.

L-serine com-

peted with these two substrates for the active site of the enzyme.

The

3
Ki values for L-serine were found to be 0.46 x l0- M whenir-allothreonine
was used as the substrate and 0.33 x 10-3 M when threonine was used as
the substrate in studies employing the liver enzyme.

A value of 0.52 x

10- 3 M was determined as the Ki for L-serine when it competed with
L-allothreonine for the active site of the brain enzyme.

The specific

activity of brain enzyme in the crude extract ( O.Oil uni ts per mg proteins)
was found to be only 1/60 of the specific activity shown in crude liver
extract (0.64 units per mg enzyme).

The highly purified enzymes from

both brain and liver were yellow and exhibited an absorption peak at 430
nm.

The 430 nm absorption peak of the two enzymes were shifted to 330 nm

when the solution was treated with L-cysteine.

This indicated the pre-

sence of enzyme bound pyridoxal phosphate in the enzymes of both brain and
liver.

Results from innnunological studies confirmed that serine trans-

hydroxymethylase enzyme from brain had the same antigenic property as the
liver enzyme.

These antigenic properties were found to be due primarily
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to serine transhydrox~ethylase activity by using the cross neutralization of both enzymes with the purified liver antiserum.
of these two enzymes was found around 7.8-8.0.

The pH optima

The molecular weight

of liver serine transhydroxymethylase by using gel filtration on Sephadex G-200 column was calculated to be 245,000 ± 20,000 for liver and
229,000 ± 20,000 for the brain enzyme.

The liver enzyme had an iso-

electric point of 8.75 while a value of 8.90 was found for the brain
enzyme.
in

The comparative properties of these two enzymes were summarized

Table 9.
This dissertation describes the purification and characteriza-

tion of serine transhydroxymethylase from bovine brain and bovine liver.
It might prove necessary to study additional properties of the enzymes
when more highly purified enzymes are available.

The data reported in

this paper clearly supports the possibility that the bovine brain and
bovine liver enzymes are likely to be identical proteins.

TABLE 9
CHARACTERISTICS OF BOVINE LIVER AND BOVINE BRAIN SERINE TRANSHYDROXYMETHYLASE
Factor

Brain Enzyme

Liver Enzyme

Specific Activity

0.638 to 78.4

0.011 to 11.55

Serine Transhydroxymethylase
.DL~Allothremnine Aldolase

About 0.5 and constant during
the purification step.

Decreased during purification

DL-Allothreonine Aldolase
L-Threonine Aldolase

About 10.0 and constant during
the purification step.

Decreased during purification

Molecular Weight

245 , 000

Isoelectric pH

8,75

8.90

pH Optima

7.6 - 8.2 (8.0)

7.6 - 8.2 (8.0)

Rf Values on Polyacrylamide
Gels (Major bands)

0.13

0.12 and 0.33

Innnunological Studies

Specific inhibition by antiglobulin of liver enzyme

Specific inhibition by antiglobulin of liver enzyme

Heat Stability

35 - 40% Activity lost when
heated at 65° C

Loss of about 96% Activity
at 65° C

t 20, 000

229,000

±

20,000

I.O
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A COMPARATIVE INVESTIGATION OF MAMMALIAN
SERINE TRANSHYDROXYMETHYLASES
Sanha Panichajakul
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Ph.D. De gree, April 1975
ABSTRACT
Serine transhydroxymethylase was purified one thousand-fold
from bovine brain and one hundred and twenty-fold from bovine liver.
Both enzymes were yellow due to the presence of the coenzyme pyridoxal
5'-phosphate. Polyacrylarnide gel electrophoresis of the liver enzyme
showed one major band containing 95% of the protein, while in the case
of the brain enzyme two major bands of nearly equal intensity were observable.
The specific activity of the crude liver enzyme was about sixty
times higher than that of brain. The liver enzyme was also more heat
stable than the brain enzyme. The purified enzymes exhibited
L-allothreonine and L-threonine aldolase activities besides serine
transhydroxymethylase activity. Electro focusing established the
isoelectric point of liver enzyme at 8.75 and a value of 8.90 was obtained from the brain enzyme. The molecular weight of the brain enzyme
was found to be 229,000 ± 20,000 while the liver enzyme had a value of
245,000 ± 20,000. pH optima of the enzymes were around 8.0. A similarity in antigenic properties was established for the enzymes from
both tissues.

